Abstract. The first direct evidence that patterns of basaltic eruptive activity may be very similar on Io and Earth was seen on 26 November 1999, when the Solid State Imaging System on board the Galileo spacecraft obtained high-resolution images of a fissure eruption taking place in one of the calderas of the Tvashtar Catena complex. We analyzed the dynamics of the fissure eruption from the morphology of the lava fountains and pyroclastic deposits and derived an estimate of the eruption rate; our best estimate of the volume eruption rate per unit length of fissure lies in the range 0.7 to 7 m 3 s -1 m -1 , and multiplying this rate by the fissure length of ~ 25 km yields a total volume eruption rate of magma of ~2 x 10 4 to 2 x 10 5 m 3 s -1 . The upper end of the inferred eruption rate is very close to the upper end of the range of eruption rates observed or inferred for fissure eruptions on Earth. Theoretical models of the possible dike systems feeding the fissure show that, for eruptions of positively buoyant magma, the elastic properties of rocks are such that a magma flux of 6 to 7 m 3 s -1 m -1 is the largest value that can ever be realized in such eruptions, this limiting value being independent of planetary gravity and thus the same on all silicate bodies. The eruption rate inferred for Tvashtar can also be achieved by a negatively buoyant magma, but in that case the source depth cannot be much greater than a few tens of km. We find that some eruptive events are consistent with the effusion of magmas which are buoyant relative to the crust, whereas others appear to involve magmas which are not. This implies that the distribution of crustal volatiles is laterally very inhomogeneous. Our analyses suggest that the depths from which magmas make their final ascent to the surface of Io are generally of order tens, rather than hundreds, of kilometers.
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Introduction.
Many lines of evidence [Carr, 1986 [Carr, , 1998 McEwen et al., 1998 ] suggest that the current volcanic activity on Jupiter's satellite Io involves the eruption of magma which is basaltic or more ultramafic in composition. Basaltic eruptions on Earth almost always commence with the opening of a linear fissure, marking the intersection with the surface of a dike propagating both vertically and laterally, from which issue lava fountains forming what is commonly termed a "curtain of fire" [Wolfe et al., 1987; Bjornsson et al., 1977] . As chilling of magma against the dike walls takes place, the narrower parts of the fissure system become blocked, and activity then becomes concentrated at a few locations or, the most common case, at a single central vent [Wilson and Head, 1988] .
Most of the images of eruption sites on Io have been consistent with the activity of central vents, though some earlier Earth-based observations of hot-spots seen near the limb were interpreted as possible fissure eruptions [Stansberry et al., 1997] . However, during its flyby of Io on 26 November 1999 (orbit I25), the Galileo spacecraft provided highresolution (~180 m/pixel) images of a fissure eruption taking place in one of the calderas of the Tvashtar Catena complex (Plate 1). These observations represent the first direct evidence that patterns of basaltic eruptive activity may be very similar on Io and Earth.
Here we analyze the dynamics of the fissure eruption from the morphology of the lava fountains and pyroclastic deposits and derive an estimate of the eruption rate; we then develop theoretical models of the possible dike systems feeding the fissure and make some inferences about the structure of the crust of Io.
Observational Data and Model of Lava Fountain Dynamics
Plate 1 shows unambiguously that the vent system for this eruption consists of a line source (i.e. a fissure) of length Y, about 25 km. The surrounding terrain is mantled out to a distance X of about 30 km by a dark deposit. Some dark mantling material is visible in this area in the C21 images of Io taken 5 months before Plate 1 but, on the basis of its extent and symmetry, we interpret the bulk of the deposit shown in the image to be a layer of pyroclastic material derived from the vent during the November 26 eruption.
Present-day eruptions on Io, like the ancient eruptions on the Moon [Wilson and Head, 1981] , take place into essentially a hard vacuum, and a major characteristic of those lunar eruptions which involved explosive activity is the small (submillimeter) grain size of the pyroclastic fragments into which the erupting magma is disrupted by the extreme amount of gas expansion [Heiken et al., 1974; Arndt and von Engelhardt, 1987; Weitz et al., 1997; ]. The application of basic physical arguments to the comparison of volcanic activity on Plate 1. Tvashtar Catena mosaic (~180 m/pixel) from the I25 encounter merged with color data from the C21 encounter. The inset shows the bright region of pixel '"bleeding" seen in the original I25 encounter data and interpreted to mark the location of the eruption. In the mosaic, this has been replaced by an interpretive drawing illustrating the possible distribution of molten lava in a lava "curtain of fire" along a fissure, and feeding a flow to the south (toward the bottom of the image). From McEwen et al. [2000] . the terrestrial planets [Wilson and Head, 1983] would predict similar circumstances on Io. Indeed, the high abundance of volatiles in ionian eruptions [e.g., Strom and Schneider, 1982; Lopes-Gautier et al., 2000] , either magmatic or derived from the interaction of magma with shallow sub-surface aquifers of liquid sulphur dioxide [Kieffer, 1982; Kieffer et al., 2000] , suggests that magma fragmentation may be even more extreme.
For our purpose, the key issue is that the pyroclastic fragments are likely to be so small that their terminal velocity through the gas leaving the vent is also small. Gas and particles therefore travel at nearly the same speed, U, as they exit the vent. Outside the vent, the gas expands and eventually its density becomes so low that the particles decouple from the gas and experience no further acceleration as the gas expands essentially uniformly into the hemisphere around the vent. The particles then pursue ballistic trajectories back to the surface [Wilson and Head, 1981] . We find that this decoupling occurs only a few vent diameters from the source, a distance orders of magnitude smaller than the subsequent travel distance of the particles. The speed U needed to allow the pyroclasts to reach the observed range X is then given by the ballistic formula
where g is the acceleration due to gravity, ~1.8 m s -2 on Io, and θ is the maximum angle from the vertical of any particle leaving the vent. The minimum value of U corresponds to using θ = 45°, implying U equal to at least 232 m s -1 . If θ were much less, say 10°, the estimate of U would increase to at least 397 m s -1 . If θ were as small as 5°, U would be at least 558 m s -1 . This higher value is not at all improbable: the way the mixture of gas and partially entrained pyroclasts spreads out laterally above a vent in an eruption into a vacuum is determined by the Mach number of the flow in the vent, which will almost certainly be choked rather than pressure balanced [Kieffer, 1982 [Kieffer, , 1984 because of the inability of the gas to expand rapidly enough to adjust to the vanishingly small atmospheric pressure of Io. We adopt U = 500 m s -1 , which corresponds to θ = 6.25°, for the illustrations below. This velocity implies a significant involvement of non-juvenile SO 2 in the eruption: whatever detailed assumptions are made about the nature of the incorporation process, this velocity implies that the gas represents ~20% by mass of the eruption products [Kieffer, 1982] .
The simplest model of the eruption is one in which we assume that the distribution of pyroclast sizes is unimodal with a mean diameter φ. Then if the volume flux (i.e. the volume per unit time) from the vent is V, the total number of pyroclasts erupted per unit time is N where
In this first of two models discussed in this paper, the incandescent part of the lava fountain would represent the region within which the number density of pyroclasts was so large that they shielded one another from radiating heat, so remaining nearly isothermal . Assume that the shielding is perfect out to some radial distance R and then decreases to zero over a radial distance Λ. Analysis of the pattern of data number variations down several successive columns of pixels in the image, after plausible corrections for charge bleeding due to the overloading of the detector , suggests that R is about 11 pixels, which corresponds to about 2 km, and that Λ is somewhat smaller than one pixel, say 150 m. As long as R is much less than X (which, with R ≈ 2 km and X ≈ 30 km is true here) the speed of the pyroclasts will not change much from their launch speed U as they cover the distance R, and so they travel essentially radially out to this distance. We can then derive an expression for Λ as follows. We first find the number density of pyroclasts at the radial distance R. In some small time interval ∆t the number launched from the vent is (N ∆t) = (6 V ∆t)/(π φ 3 ); because the erupted volume flux and the clast velocities are constant, this same number of clasts will travel from R to (R + ∆R) where ∆R = (U ∆t). The volume through which they pass is 2 )/(π φ 2 )] and since these layers are separated by the average distance S, the linear distance in the cloud of pyroclasts over which obscuration becomes essentially complete, Λ, is
A correction factor, G, is needed in the above formula to allow for the fact that in general a range of grain sizes, rather than a single grain size, will be present among the pyroclasts. If the size range varies from a factor of ~10 around the mean value, then G is close to 2 [Wilson and Head, 1981; Wilson and Keil, 1997] .
With this addition, the above formula can be inverted to give the basic parameter characterizing a fissure eruption, the volume eruption rate per unit length of the fissure, V/Y. Writing F for V/Y we have
Inserting the relevant values inferred from the image, R = 2000 m, U = 500 m s -1 and Λ = 150 m, and taking G = 2, we can find F as a function of the mean pyroclast size, φ. Some values are shown in Table 1 . If the typical sizes of pyroclasts on Io are similar to those on the Moon [Heiken et al., 1974; Weitz et al., 1998] , in the range 100 µm to 1 mm, F is in the range 0.7 to 7 m 3 s -1 m -1 . Larger fluxes are implied by larger pyroclast sizes but, if φ increases greatly beyond 1 mm, the vertical component of the clast velocity becomes significantly less than the gas velocity as the terminal velocity of the clast becomes an appreciable fraction of U, and so the value of F becomes progressively less than that predicted by the formula. There are two possible alternative interpretations of Plate 1. The first is to assume that there is no lava fountain over the vent, and that the image represents an incandescent fissure feeding a lava flow. It would then be necessary to infer that image bleeding effects have enlarged the apparent size of the incandescent vent both upward and downward along the image scan lines [it is known from the characteristics of CCD detector that downward bleeding will dominate -McEwen et al., 2000] . Even so, it is hard to see how this scenario could imply an incandescent region less than one or two pixels, i.e. at least 100 meters, in width. This region could represent either the fissure itself or the zone adjacent to the fissure within which lava had undergone minimal cooling, in which case the implied fissure width could be much less than 100 m. We shall see later that the elastic properties of rocks are such that fissure widths of order 100 m cannot be reconciled (by about two orders of magnitude) with eruptions in which the magma is buoyant in the surrounding crust. However, such large fissure widths could occur in cases where the magma is very negatively buoyant, if conditions in the magma source were sufficiently extreme, but would imply prodigious magma eruption rates. We discuss the consequences of this option later in our treatment of magma rise through Io's crust; for the moment we simply note that we shall find it to be unlikely.
In the second alternative interpretation of Plate 1, the activity is regarded as being confined entirely to an incandescent lava fountain, the dark mantling deposit then being assumed to be either coincidental or the product of an earlier eruptive event in the same area. We do not think that this is a likely interpretation, because the elliptical shape and orientation of the long axis of the dark deposit are exactly what one would expect given the length and orientation of the observed fissure, but we explore it for the sake of completeness. The maximum range reached by the pyroclasts must now be regarded as equal to the observed lateral extent of the lava fountain, R = ~2000 m, and so the eruption velocity U is given by
The distance, measured inwards from the outer edge of the cloud of pyroclasts, over which obscuration becomes nearcomplete, Λ, is given by a formula derived by Wilson and Keil [1997] to treat pyroclastic eruptions on asteroids as
and if we again write F for V/Y we have
.
In this case, the values of U corresponding to θ = 45°, 10°a nd 5° are 60, 102 and 144 m s -1 , and we adopt U = 129 m s -1 at θ = 6.25° (the same angle as that used in the earlier example) for illustration. Then using the value R = 2000 m, together with Λ = 150 m as before, we find the variation of F with φ shown in Table 2 . For mean pyroclast sizes in the range 100 µm to 1 mm, F lies in the range 0.02 to 0.2 m 3 s -1 m -1 , the values being systematically about 35 times smaller than in our preferred model.
We can compare these two sets of value of F with some examples of the eruption rates typical of basaltic fissure eruptions on Earth. An eruption on the south rim of the main caldera of Kilauea volcano in Hawai'i which fed a lava stream down an old rainwater gully was analyzed by Heslop et al. [1989] Thorarinsson and Sigvaldason [1962] , Wilson and Head [1981] deduced that the 1961 basaltic fissure eruption in the caldera at Askja in Iceland had a mean volume flux of a little more than 3 m 3 s -1 m -1 . Similarly using Thorarinsson's [1969] summary of the 1783 basaltic fissure eruption of Lakagigar in Iceland they found a value of at least 0.5 m 3 s -1 m -1 , though we note that more recent interpretation of the chronology of this eruption by Thordarson and Self (1993) implies that individual fissure segments erupted at rates of 2 m 3 s -1 m -1 . Finally Swanson et al. [1975] estimated an eruption rate of 10 m 3 s -1 m -1 for the Yakima member of the Columbia River flood basalt eruptions. All of these terrestrial values are very similar to one another and to the predicted eruption rate from our preferred model for Io. We now explore the possible reasons for this similarity by considering the rise of magma in dikes from reservoirs in the crust and mantle of a planet. 
The Ascent of Magma to Feed Eruptions on Io.
A dike containing buoyant melt with a density ρ can extend upward from its source (whether this be a shallow magma reservoir or a region of partial melting in the upper mantle Sleep [1988] ) through country rocks of density β by cracking the rocks ahead of it as long as the stress intensity K + at its upper tip exceeds or is just equal to a derived material property of the country rocks called the fracture toughness, K f [Secor and Pollard, 1975] . Stress intensity is mainly a function of the length of the dike and its internal pressure distribution, and fracture toughness is a function of the tensile strength of the host rocks and their mineral grain size [Rubin, 1993] . The dike will be forced to pinch shut at its lower tip if the stress intensity there, K -, decreases to zero, and will then migrate upward as a discrete structure of finite vertical length, isolated from its source. When K + = K f and K -= 0, it is easy to show, using the definition of the stress intensity [Secor and Pollard, 1975] , that the driving pressure of the dike, P 0 , defined as the internal magma pressure minus the external compressive stress at the dike center, and the half-height of the dike, A, are given by
2/3 (8) and
where ∆ρ = (β − ρ). The mean width of the dike is W given by [Weertman, 1971] WILSON AND HEAD: FISSURE ERUPTION OF IO JGR-E 1323, IN PRESS, 2/11/01
where ν (~0.25) is the Poisson's ratio and µ is the shear modulus for the host rocks. µ is expected to lie in the range 3-30 GPa [Rubin, 1993] and analysis of basaltic dikes at Kilauea volcano suggests that 3 GPa is appropriate [Parfitt, 1991] . The mean dike width W will decrease with time if the dike reaches the surface and feeds an eruption [Weertman, 1971] , but the value given by equation (10) is still a good approximation for most of the activity. If the crust and magma are of similar composition, ∆ρ is likely to be ~5% to 10% of ρ, say 200 kg m -3 . However, there are likely to be layers of SO 2 frost, solid sulphur or liquid SO 2 aquifers intercalated with silicate eruptives in the crust of Io, particularly near the surface, and the average value of ∆ρ may be much smaller than this. K f is expected to be a function of the ambient stress conditions as well as the elastic properties of the host rock [Pollard, 1987; Rubin, 1993] , and its value appears to be about 100 MPa m 1/2 in basaltic systems on Earth [Parfitt, 1991] . Using this value and ∆ρ = 200 kg m -3 in equation (8) we find A equal to 4.26 km, in which case P 0 is 0.77 MPa and the average dike width W is 1.3 m. The corresponding values for ∆ρ = 100, 50 and 25 kg m -3 are A = 6.76, 10.73 and 17.0 km, P 0 = 0.61, 0.48 and 0.38 MPa, and W = 1.6, 2.0 and 2.5 m, respectively. Note that values of A between 6 and 17 km imply that, for this model to be internally consistent, the crust must be thick enough to accommodate the full dike height (2 A), i.e. must be in the range 10 to 30 km or greater. The mean rise speeds, u, of magma in these dikes are found by balancing the buoyancy force against wall friction [Wilson and Head, 1981] . If the magma motion is laminar, u is given by u = (W 2 g ∆ρ)/(12 η)
where η is the magma viscosity, which, on the basis of the observations of high temperatures that imply ultramafic compositions for magmas erupted on Io [McEwen et al., 1998 ], we take as 1 Pa s. If the magma motion is turbulent, u is given by
where the constant 0.01 is a suitable friction factor [Wilson and Head, 1981] and we take a typical mafic magma density, ρ, to be 3000 kg m -3 . Assuming first that the magma motion is laminar, we find that for values of ∆ρ = 200, 100, 50 and 25 kg m -3 , u will be 51, 38, 30 and 24 m s -1 , respectively. Evaluation of the corresponding Reynolds numbers, defined as Re = [(2 u W ρ)/η], gives values of ~3.8 x 10 5 in each case. These values are all clearly too large to be consistent with laminar magma motion (and are so much larger than the critical value for turbulence, ~2000, that this conclusion would remain true even if we had made a very large error in estimating the magma viscosity). Using the formula for turbulent motion we have u equal to 5.6, 4.4, 3.5 and 2.7 m s -1 , respectively, with Re equal to 4.3 x 10 4 in each case, internally consistent with turbulent motion and confirming that this set of velocities is the correct one to use. Finally, since the volume flow rate per unti time per unit length in a fissure is given by F = (V/Y) = [(u W Y)/Y] = (u W), we can evaluate the value of F for each value of ∆ρ. The result is 7.1 m 3 s -1 m -1 in each case. That F should be independent of the assumed density contrast ∆ρ and the acceleration due to gravity g can be demonstrated by noting that, as long as the magma motion is turbulent, as we have found to be the case here, we can combine equations (8), (9), (10) and (12) 
which is indeed independent of g and ∆ρ (the two sets of Reynolds numbers found above were independent of g and ∆ρ for the same reason). Note that the eruption rate of F = 7.1 m 3 s -1 m -1 found from this analysis is almost identical to the value inferred earlier from the eruption dynamics for the case where φ is equal to 1 mm.
We next consider the consequences of assuming different values for the viscosity, η, of the erupting magma. If η is less than the value of 1 Pa s used so far, the magma motion will continue to be turbulent and the predicted value of F will not change. However, if η is significantly greater, then the magma motion will be laminar. In that case, equation (11) must be used to give the magma rise speed rather than equation (12), and the combination of equations (8), (9), (10) and (11) gives
which is again independent of g and ∆ρ. If we insert, say, η = 10 Pa s into this formula, together with the values of ν, µ and K f used previously, we find F = 6.3 m 3 s -1 m -1 , only very slightly less than the 7.1 m 3 s -1 m -1 value found for smaller values of η because we have just crossed the boundary between turbulent and laminar flow. As η increases further, however, F now decreases in inverse proportion to η: using η = 100 Pa s implies F = 0.63 m 3 s -1 m -1 , and so on. Thus a value of F of 6 to 7 m 3 s -1 m -1 is the largest value that can ever be realized in a fissure eruption fed by buoyant magma. It does not appear surprising, therefore, that the estimates for the terrestrial eruptions quoted above, as well as that for the fissure eruption on Io, cluster close to or below this value.
Discussion.
Equations (13) and (14) demonstrate that F is much more strongly dependent on the assumed value of K f than on any other variable. The value of 100 MPa m 1/2 used here is consistent with the geometries of basaltic dikes at depths of 1-3 km in shield volcanoes such as Kilauea on Earth [Parfitt, 1991] , but is about a factor of 30 larger than the value measured at zero confining pressure, the difference being understood largely in terms of the presence of gas-filled cavities at dike tips [Pollard, 1987; Rubin, 1993] . If we employed a significantly smaller value of K f in our calculations (say a factor of ~3 smaller), corresponding to a much less extensive gas-filled cavity at the dike tip, we would predict a much smaller value of F than is observed (by a factor of ~10 if eq. (13) is relevant and a factor of 100 if eq. (14) applies). We therefore infer that the proportions of gases exsolved from ascending magmas on Io may not be grossly different from those released on Earth. Buoyantly ascending discrete dikes are likely to have similar horizontal extents to their vertical extents, i.e. to be "penny-shaped" [Paris and Sih, 1965] rate of a little less than 2 x 10 5 m 3 s -1 ; the expected eruption durations on this basis for the four values of ∆ρ used above are therefore about 6 minutes, 17 minutes, 1 hour and 3 hours, respectively. However, it is very common in fissure eruptions on Earth for chilling of magma in the narrower parts of the dike [Bruce and Huppert, 1989; Wilson and Head, 1988] to rapidly reduce the linear extent of active part of the fissure soon after the eruption starts. These reductions can be by a factor of up to ten on Earth, and the corresponding reduction in the total effusion rate would extend the eruption duration by a similar factor. However, the fact that the active fissure in Plate 1 extends over a large fraction of the floor of the caldera in which it is located suggests that, at least when the image was taken, a reduction this large had not taken place.
Unfortunately, due to the intermittent nature of data acquisition by both the Galileo spacecraft and Earth-based telescopes, we do not have any strong controls on the duration of the Tvashtar event, though some ground-based observations suggest that the duration could have been as much as 36 hours . If this is so, and the eruption rate deduced from the analysis of the lava fountain is typical of the whole event, then clearly a much larger volume of magma must have been erupted than inferred so far. Evaluating the volume of magma in a buoyant dike, (π A 2 W), from equations (8) and (10) and combining this with equation (13) for the eruption rate, we find that the duration of the eruption is proportional to [K f 2/3 /(g ∆ρ) 5/3 )]. The eruption duration of ~3 hours that we obtained above was predicted by using K f = 100 MPa m 1/2 and ∆Ρ = 25 kg m -3 . To explain a 36 hour-long eruption we would need to assume a ~42-fold larger value of K f , a 4.4-fold smaller value of ∆ρ (i.e. ~5.6 kg m -3 ), or some combination of the two. We have no explicit basis for increasing K f (though we reiterate that there is considerable uncertainty in deciding how K f is to be evaluated [Rubin, 1993] ), and a value of ∆ρ as small as 5.6 kg m -3 would certainly imply that the melt reaching the surface was not a direct partial melt from the mantle (much larger density contrasts would be expected). The final option is to assume that more than one isolated dike was generated from the melt source region and travelled along the same, or a nearby, path to the surface [Cataldo et al., 2001] . None of these options is impossible, and the third seems the most plausible.
So far we have based our analysis of the rise of magma on the assumption that the magma is positively buoyant, even if only by a small amount, in the crust. However, if the erupted magma is negatively buoyant, i.e. ∆ρ < 0 everywhere in the crust, eruptions can still take place provided that the magma source region is sufficiently overpressured. If negatively buoyant magma is to be able to reach the tip of a dike extending a vertical distance Z above a melt source region, the pressure in the source region must be greater than the surrounding compressive stress by an amount P 0 where
(recall that ∆ρ is negative and so P 0 is positive). If the stress intensity at the dike tip is to exceed the fracture toughness, formulae given by Broek [1974] show that the requirement is that
If, as before, we adopt K f = ~100 MPa m 1/2 , we find that eq. (15) is a marginally more stringent constraint than eq. (16). The mean width of the dike, W, taken as equal to half the width of the dike at its base, is equal to [Weertman, 1971] 
Using for the moment a magma source depth of Z = 30 km, we find that for values of ∆ρ = -25, -50 and -100 kg m -3 the minimum excess pressures required are P 0 = 1.35, 2.7 and 5.4 MPa, respectively, and the corresponding mean dike widths are 13, 27 and 53 m. These excess pressure just support a static column of magma to the surface. To make magma erupt we require an even larger excess pressure. Adopting the very modest value of 0.1 MPa, the magma rise speeds (all are turbulent) are given by eq. (12) and the values of F are 22, 66 and 184 m 3 s -1 m -1 , respectively. Note that these values range from 3 to 27 times larger than the values inferred from the observed eruptive activity shown in Plate 1 which, as we saw earlier, are consistent with the eruption of positively buoyant magmas. If we changed the 0.1 MPa magma flow driving pressure to a value more like that found on Earth, ~2-3 MPa [Wilson and Head, 1981] , the magma rise speeds and erupted volume fluxes would be a further factor of ~5 larger. However, we noted earlier that the inferred eruption speed of ~500 m s -1 implies that the erupting magma incorporated ~20% by mass of non-juvenile SO 2 before reaching the surface vent. If this SO 2 were injected into the conduit system at a great enough depth it could significantly offset the negative buoyancy of the magma, and so the values at the lower ends of the above ranges may be most relevant.
Examination of the above results shows that, to first order, P 0 is directly proportional to Z, W is proportional to Z 2 , u is proportional to Z 1/2 and F is proportional to Z 5/2 , and so these results depend strongly on the exact value adopted for Z. If Z is much greater than the 30 km value used in the above calculations, values of F are vastly greater than those implied by the observations. Only if Z is less than ~10 km do the values of F approach those we think plausible, and in such cases excess pressures in the magma source region of order 1 to 2 MPa are needed to make the eruptions possible and fissure widths in the range 1 to 5 meters are implied. We therefore conclude that it is possible that eruptions of the kind shown in Plate 1 represent the eruption of magma that is negatively buoyant relative to the planetary crust but only if the eruptions are fed from shallow, overpressured reservoirs in the crust.
Some of Io's eruptions appear to involve eruption rates that are much less than those deduced for the Tvashtar fissure eruption. Repeated Galileo coverage combined with earlier Voyager data shows that the ~25 km wide lava flow field associated with the Prometheus eruption plume appears to have grown in length by at least ~80 km in 20 years [Kieffer et al., 2000] . There is no direct way of estimating flow thicknesses on Io, but with the conservative assumption that this flow field is 30 m thick [Kieffer et al., 2000] , its volume has increased by at least 20 km 3 (implying that it is being fed from a reservoir with a volume much greater than this) and the mean eruption rate has been ~100 m 3 s -1 . This is of order 2000 times less than the 2 x 10 5 m 3 s -1 rate estimated for the fissure eruption in Plate 1. We found earlier that if the viscosity of magma is greater than ~10 Pa s, progressively smaller volume eruption rates per unit length of fissure vent are implied. As an example, a fissurẽ 3 km long fed at ~0.06 m 3 s -1 m -1 with magma having a viscosity of 1000 Pa s would yield a total discharge rate of 180 Io [e.g., McEwen et al., 1998] . A more plausible alternative yielding the same total eruption rate would be a magma with a viscosity of 100 Pa s erupting through the same length fissure under circumstances where the effective fracture toughness of the country rocks was 30 MPa m 1/2 instead of 100 MPa m 1/2 ; this condition could occur if the erupting magma were unusually volatile-poor compared with common basalts on Earth. Thus a range of options exists to explain the spread of eruption rates apparently displayed by lavas on Io.
The above conclusions have important implications for the structure of the crust of Io: there is a great deal of evidence for accumulations of volatile compounds such as sulphur dioxide in the near-surface layers of Io, and the variations of the concentrations of these volatiles in pore spaces as a function of depth exert a strong control on the relative buoyancy of ascending melts [Leone and Wilson, 1997] . Coupled with variations in the amounts of mantle volatiles dissolved in magmas, these crustal volatiles determine the locations of regions where rising melt may become neutrally buoyant, stall, and accumulate into shallow magma reservoirs [Leone and Wilson, 1998 ]. Our finding that some eruptive events are consistent with the effusion of magmas which are buoyant relative to the crust, whereas others appear to involve magmas which are not, most likely implies that the distribution of crustal volatiles is laterally very inhomogeneous. Although the treatments developed here are not sufficiently sensitive to be used as reliable quantitative estimators of the depths from which magmas make their final ascent to the surface of Io, they do suggest that those depths are generally of order tens, rather than hundreds, of kilometers.
Conclusions.
1) Using our preferred interpretation of Plate 1, our best estimate of the volume eruption rate per unit length of fissure for the Tvashtar eruption lies in the range 0.7 to 7 m 3 s -1 m -1 , assuming that the mean size of the pyroclasts being erupted lies in the range 100 to 1000 µm. Multiplying this rate by the fissure length of ~ 25 km yields a total volume eruption rate of magma of ~2 x 10 4 to 2 x 10 5 m 3 s -1 . 2) The upper end of the inferred eruption rate from the Tvashtar fissure is very close to the upper end of the range of eruption rates observed or inferred for fissure eruptions on Earth. A theoretical analysis shows that, for eruptions of positively buoyant magma, the elastic properties of rocks are such that a value of 6 to 7 m 3 s -1 m -1 is the largest value that can ever be realized in such eruptions, this critical value being independent of the magma-crust density contrast and of the acceleration due to gravity, and thus applying on all Solar System objects. Lower eruption rates of positively buoyant magmas generally correspond to the eruption in a laminar fashion of magma with a viscosity greater than ~10 Pa s.
3) Our preferred scenarios for the eruption at Tvashtar involves dikes which extend vertically for 10-30 km, implying that they must be derived from sources at least this deep.
4) The eruption rate inferred for Tvashtar could also be achieved by a negatively buoyant magma, but in that case the source depth cannot be much greater than about 10 km. 
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